S
tress testing is a cornerstone in the evaluation of patients with coronary artery disease and its results are always integrated into any clinical decisions. In contrast, valvular heart disease is usually considered static and its management relies upon resting evaluation only. However, most valve diseases have a dynamic component. Changes in loading conditions and contractility during a patient's life may lead to alterations in the severity of lesions, good or poor ventricular contractile reserve, altered volume-dependent compliance of heart chambers, and ventricular arterial coupling. Thus, there may be a need for stress testing and imaging in this setting. Exercise testing in particular can induce symptoms, reveal the dynamics of the valve and the ventricle, and evaluate the changes in forward output, retrograde flow and pulmonary pressures. The current primary role of stress testing in valve disease is to provide an objective assessment of functional disability which is of the utmost importance in patients who often adapt and reduce their physical activity, thus masking their symptoms. The Euro Heart Survey on valvular disease recently showed that stress testing is underused in Europe, or used for inappropriate purposes. 1 The following questions will be addressed for each of the left valvular heart diseases: c Who needs stress testing? c How to test: which stress modality should be used? c Which parameters should be measured and followed-in other words, should the valve, the ventricle, or both, be tested? c How can the results help in the patient's management?
AORTIC STENOSIS c
Asymptomatic severe aortic stenosis
Who needs stress testing?
Valve replacement is required in the presence of symptoms and severe aortic stenosis. In such patients, stress testing is contraindicated. In contrast, exercise testing is recommended in asymptomatic patients with severe aortic stenosis. Exercise is strongly advocated in the European guidelines 2 and is a grade IIb recommendation in the American College of Cardiology/American Heart Association (ACC/AHA) 2006 guidelines. 3 Stress testing has been shown to be low risk when it is performed in asymptomatic patients under strict surveillance. Exercise testing in adults with aortic stenosis has poor diagnostic accuracy for evaluation of concurrent coronary artery disease.
How to test?
A symptom-limited exercise test is more physiologic than a dobutamine test and may be performed safely. Treadmill or upright bicycle ergometry are the most frequent tests and the choice is based on individual experience. Exercise testing should be repeated every 6 months for severe aortic stenosis and every year for moderate aortic stenosis. Supine or semi-supine bicycle exercise could be preferable, because of a reduced risk of haemodynamic collapse in this position. Symptom-limited graded bicycle exercise in a semi-supine position on a tilting table allows continuous twodimensional and Doppler echocardiographic examination. Dobutamine stress echocardiography may be used to assess valve compliance by plotting effective orifice area against flow at each stage of the dobutamine test. 4 Testing should be performed in an appropriately equipped laboratory in the presence of a physician in order that potential complications could be treated effectively.
Which parameters?
Total exercise time, maximum workload, peak heart rate and blood pressure and the reason for stopping the test are recorded.
The criteria of an abnormal exercise test provided in the European recommendations are listed in table 1. 1 It is essential to record the development of symptoms carefully, such as objective dyspnoea, angina, dizziness or near-syncope.
When Doppler echocardiography is obtained during exercise, aortic velocity-time integral can be regularly recorded from the same window to assess changes in mean pressure gradient. The right parasternal window is usually not easily sought in the left lateral cycling position.
Management
No randomised trial has been conducted in patients with asymptomatic severe aortic stenosis. The risk of sudden death is low and is usually considered to be lower than the risk of operation. However, the mortality is rather high early after the onset of symptoms or if the patient is on a surgical waiting list. In some patients, symptoms are not identified, especially in elderly subjects who are rather inactive. On the other hand, dyspnoea and chest pain may be non-specific.
Exercise testing can identify a limited exercise capacity and reveal symptoms in many (usually one-third) apparently asymptomatic patients. The 1 year prognosis of patients with a normal exercise test is excellent. 5 In contrast, a positive exercise test predicts the onset of a cardiac event in a sizeable proportion of patients. [5] [6] [7] The development of symptoms during exercise seems to be more predictive than the other criteria of positivity, but this needs to be confirmed.
A >18 mm Hg increase in mean transaortic pressure gradient predicts a higher risk of cardiac events and has been shown to provide incremental prognostic information over clinical, resting Doppler echocardiographic and exercise testing. 8 Exertional symptoms are better predicted by valve compliance during dobutamine stress than by resting Doppler parameters, but the clinical significance of valve compliance requires further studies. 4 Despite the recommendations to perform exercise testing in patients with asymptomatic severe aortic stenosis and the valuable information obtainable by the test, the recent Euro Heart Survey on valvular heart disease revealed that an exercise test was performed in only 5.7% of patients in this setting. Patients with low gradient aortic stenosis and left ventricular dysfunction may have a reduced aortic valve area because of inadequate forward stroke volume due to cardiomyopathyrelative, non-severe aortic stenosis-or may have fixed severe aortic stenosis with afterload mismatch. Stress testing is useful to distinguish patients with fixed aortic stenosis from those with relative aortic stenosis.
How to test?
In this setting, a dobutamine challenge is recommended to determine the absence or the presence and extent of contractile reserve 3 9 (class IIa in the ACC/AHA practice guidelines). A moderate dose of dobutamine should be used in order to obtain the maximal inotropic effect without chronotropic response. Dobutamine is usually started at 5 mg/kg/min and should be increased to no more than 20 mg/kg/min. The duration of each stage and the mode of dose increment at each step are not standardised; they may vary from 3-5 min and from 2.5-5 mg/ kg/min, respectively. Blood pressure and 12 lead ECG need to be carefully monitored, and crash cart and personnel trained in cardiac resuscitation must be present. Criteria for terminating the infusion are the maximal dose, an increase in heart rate >10-20 beats/min, or an obvious inotropic response.
Dobutamine infusion can be coupled with Doppler echocardiography or with cardiac catheterisation. 10 11 Whatever the method used, the parameters must be carefully and accurately recorded. With Doppler echocardiography, left ventricular outflow tract and aortic velocity-time integrals should be measured for a minimum of three beats in sinus rhythm and up to 10 consecutive beats in atrial fibrillation. In the catheterisation laboratory, simultaneous measurement of left ventricular and aortic pressure is mandatory. Cardiac output should preferably be measured by the Fick method which is more accurate in the presence of a low output. 12 
Which parameters?
According to the ACC/AHA guidelines, low gradient aortic stenosis is defined by a mean gradient ,30 mm Hg and a calculated aortic valve area ,1 cm 2 . 3 However, most published studies have included patients with a mean gradient ,40 mm Hg.
The criteria for dobutamine responsiveness differ among studies. The multicentre French study selected a >20% increase in forward stroke volume as the cut-off value of contractile reserve; this equates to a >20% increase in left ventricular outflow tract velocity time integral, as the outflow tract diameter was assumed to be constant. 10 Other studies have also considered changes in peak aortic velocity, mean pressure gradient, aortic valve area and even wall motion score. Fixed aortic stenosis with contractile reserve is characterised by significant increases in peak velocity and mean gradient without change in valve area (fig 1) . Relative aortic stenosis with contractile reserve leads to a significant increase in calculated aortic valve area without change in peak velocity or mean gradient. 13 
Management
In patients with low gradient aortic stenosis, the operative risk is well stratified by dobutamine stress haemodynamics. Patients with left ventricular contractile reserve and fixed severe aortic stenosis have an acceptable operative risk. 10 Valve replacement is recommended in most of these patients and usually leads to improved functional status and survival. The precise cut-off values for defining contractile reserve remain uncertain. In the absence of contractile reserve, the operative mortality is high but the outcome is very poor with medical treatment. Therefore, these patients should not necessarily be denied valve surgery. Operative risk appears to be higher when baseline mean pressure gradient is (20 mm Hg or associated coronary artery disease is present. The absence of contractile reserve does not predict the absence of left ventricular ejection fraction recovery in patients surviving to aortic valvular replacement. 14 Patients with relative or pseudo aortic stenosis should be treated medically and not submitted to valve replacement surgery.
AORTIC REGURGITATION
Who needs stress testing? Asymptomatic patients with severe aortic regurgitation and left ventricular dilation (end-systolic diameter .50-55 mm) may develop irreversible left ventricular damage while awaiting a decision regarding the need for surgery. Stress testing could be useful for the early detection of latent systolic failure (fig 2) . When systolic left ventricular dysfunction is obvious, dynamic testing of the left ventricle provides prognostic information. 15 The test may also be helpful when patients with mild to moderate aortic regurgitation present objective functional limitation. Although the role of exercise stress testing in aortic regurgitation has not yet been demonstrated, it is considered reasonable (class IIA) in the US guidelines for assessment of functional capacity and symptomatic response in patients with a history of equivocal symptoms (level of evidence: B) or before participation in athletic activities (level of evidence: C). 3 How to test? Both exercise and dobutamine stress tests can be performed. Exercise testing provides additional information on exercise performance.
Which parameters?
Left ventricular end-diastolic and end-systolic volumes and ejection fraction should be assessed at rest and during the test. Annular systolic velocities and indices of longitudinal function could be measured using tissue Doppler imaging 16 ( fig 2) .
Management
Asymptomatic patients with a moderately enlarged left ventricle secondary to severe aortic regurgitation and evidence of latent left ventricular dysfunction (failure to increase left ventricular ejection fraction during test) should be considered for surgery.
MITRAL STENOSIS Who needs stress testing?
The asymptomatic patient with documented mild mitral stenosis (mean gradient ,5 mm Hg, valve area .1.5 cm 2 )
should be followed-up on an annual basis, but does not require further evaluation on the initial work-up. When mitral stenosis is significant (valve area (1.5 cm 2 ), a haemodynamic stress test should be performed, especially in sedentary patients. This could also be helpful in patients with apparently mild mitral stenosis but who describe limiting symptoms such as dyspnoea. The data regarding the use of stress testing in mitral stenosis are rather limited.
How to test? Doppler echocardiography should be used. Dynamic exercise is the most physiologic test and can be done by upright treadmill or supine bicycle. Dobutamine stress testing may also be performed. 17 The patient should be tested without withdrawal of his or her medical treatment, including digoxin and b-blocker. Which parameters? Exercise tolerance must be evaluated. Doppler recordings of transmitral and tricuspid velocities are obtained allowing measurement of the transmitral gradient and estimation of pulmonary artery systolic pressure during stress (fig 3) .
Management
If mitral valve morphology is suitable for percutaneous balloon valvotomy, patients who deny symptoms but have objective significant limitation of exercise tolerance may be considered for percutaneous valvotomy. This procedure can also be proposed in patients with a valve area .1.5 cm 2 who, during exercise, exhibit a transmitral mean gradient .15 mm Hg, pulmonary artery wedge pressure >25 mm Hg, or pulmonary artery systolic pressure .60 mm Hg (class IIb, level of evidence: C, according to the ACC/AHA guidelines). 3 When a dobutamine test is performed, the evolution of pulmonary pressure is not helpful. A mean transmitral gradient .18 mm Hg during the test has been shown to be the best cut-off value to predict clinical deterioration or the need to operate. 18 
MITRAL REGURGITATION

Organic mitral regurgitation
Who needs stress testing?
Asymptomatic patients with severe (effective regurgitant orifice (ERO) area >40 mm 2 ) organic mitral regurgitation are at increased risk of cardiac events. 19 Some of them might develop significant left ventricular dysfunction after mitral valve repair despite the presence of a normal preoperative resting left ventricular ejection fraction. Stress testing may be useful for unmasking latent left ventricular contractile dysfunction and predicting postoperative ejection fraction. 20 The published data are limited. Exercise Doppler echocardiography is reasonable in asymptomatic patients with severe mitral regurgitation to assess exercise tolerance and the effects of exercise on pulmonary artery pressure and mitral regurgitation severity (class IIa, level of evidence: C). 3 
How to test?
Both post-and per-exercise (treadmill, bicycle) imaging can be used. The value of dobutamine stress testing has not yet been investigated, but this mode of testing is not ideal as dobutamine would further reduce afterload.
Which parameters?
Exertional symptoms must be recorded. Left ventricular enddiastolic volume, end-systolic volume, ejection fraction and transtricuspid pressure gradient (non-invasive estimation of pulmonary artery systolic pressure) should be assessed at rest and during testing.
Management
Not all patients with asymptomatic severe organic mitral regurgitation are good candidates for early surgery because of advanced age, comorbidities, or unrepairable valves. In these patients, a more conventional strategy of watchful waiting remains a reasonable option in the absence of latent left ventricular dysfunction-exercise-induced increases in left ventricular ejection fraction by 4% or left ventricular endsystolic volume index >25 cm 3 /m 2 at exercise. 20 21 Elective surgery might also be proposed in patients with a high likelihood of valve repair and exercise-induced systolic pulmonary arterial pressure .60 mm Hg (class IIa, level of evidence: C).
Ischaemic mitral regurgitation
Ischaemic mitral regurgitation is a left ventricular disease and develops in the presence of a structurally normal mitral valve. It results from apical and outward displacement of the papillary muscles tethering the mitral leaflets and from a decreased left ventricular generated force to close them. The clinical importance of ischaemic mitral regurgitation is underestimated, at least partly because physical examination is insensitive. When present, a systolic murmur is usually soft even when mitral regurgitation becomes severe. Functional, ischaemic mitral regurgitation varies dynamically in accordance with changes in loading conditions, annular size and the balance of tethering versus closing forces. 22 
Who needs stress testing?
Most patients presenting with ischaemic mitral regurgitation have a prior history of myocardial infarction, left ventricular dilation and reduced left ventricular ejection fraction. The dynamic component of ischaemic mitral regurgitation might be tested: c in patients with left ventricular systolic dysfunction who present exertional dyspnoea out of proportion to the severity of resting dysfunction or mitral regurgitation c in patients in whom acute pulmonary oedema occurs without an obvious cause c for stratifying the risk of mortality and heart failure decompensation in the individual patient c before surgical revascularisation in patients with moderate mitral regurgitation. However, stress testing is not yet recommended in this setting by the ACC/AHA 2006 guidelines.
How to test?
Candidates for combined coronary artery bypass grafting and mitral valve repair should not be selected by transoesophageal echocardiography in the operating room because general anaesthesia results in reduced loading conditions and tethering, and thus largely underestimates mitral regurgitation. Similarly, dobutamine stress reduces preload, afterload and mitral regurgitation, and is therefore not useful. Dynamic exercise testing should be used, ideally, on a dedicated exercise table.
Which parameters?
Numerous Doppler echocardiographic variables could be recorded both at baseline and during exercise and stored for off-line detailed analysis. Left ventricular parameters include end-diastolic and end-systolic volumes and ejection fraction, regional wall thickening, and colour-coded Doppler tissue imaging to reconstitute and analyse off-line pulsed-wave Doppler velocity profiles. Mitral valve deformation can be quantitated by measuring the systolic tenting area (the area enclosed between the annular plane and the mitral leaflets in the parasternal long-axis view), displacement of mitral coaptation toward the left ventricular apex (the distance between leaflet coaptation and the mitral annulus plane in the apical four-chamber view) and the distance between the posterior papillary muscle and the intervalvular fibrosa in the apical long-axis view. Mitral regurgitation should be quantitated at rest and during exercise (fig 4) . The regurgitant jet area is not reproducible and should preferably not be used. 23 24 The PISA (proximal isovelocity surface area) method is reproducible and reliable if the flow-convergence region is appropriate. The Doppler method is an alternative in patients with a suboptimal flow-convergence definition. Regurgitant volumes calculated by the Doppler method are usually slightly larger than those obtained with the PISA method. 24 The results of the two methods may therefore be averaged. The ERO area appears to be the most robust parameter for quantifying mitral regurgitation at rest and during exercise.
Systolic pulmonary artery pressure and left ventricular dP/dt can be estimated from the systolic transtricuspid pressure gradient and the steepest increasing segment of the continuous wave Doppler mitral regurgitant jet, respectively.
An ERO area >20 mm 2 is considered severe and is associated with excess mortality. 25 The degree of mitral regurgitation at rest is unrelated to exercise-induced changes in ERO, 26 which are related to those in mitral valve deformation (a marker of tethering force) and to those in left ventricular dyssynergy (an indicator of closing force). 27 28 Dynamic functional mitral regurgitation usually develops in the absence of transient induced ischaemia.
An exercise-induced increase in mitral regurgitation is larger in patients who stop their exercise test because of dyspnoea as compared to those who stop because of fatigue. 29 Parallel increases in ERO and pulmonary pressures characterise patients with systolic heart failure who may develop acute pulmonary oedema. 30 An increase in ERO >13 mm 2 during exercise is associated with both mortality and hospital admission for worsening heart failure. 31 32 Patients who exhibit a sizeable decrease in ERO because of recruitable contraction of the basal left ventricular segments have a good long-term prognosis.
Management
Patients with severe functional mitral regurgitation at rest and dynamic mitral regurgitation should receive optimal medical treatment, including an angiotensin-converting enzyme (ACE) inhibitor and a b-blocker that can contribute to reverse left ventricular remodelling and reduction in mitral regurgitation. When the QRS width is enlarged (.120 ms) and significant left ventricular dyssynchrony is demonstrated, patients will benefit from cardiac resynchronisation therapy which acutely decreases mitral regurgitation and its dynamic component, and might contribute to long-term reverse remodelling and further reductions in mitral regurgitation. 33 34 In patients who need surgical revascularisation, the role of mitral valve surgery in the presence of mitral regurgitation remains controversial. Combination treatment involving bypass and mitral ring annuloplasty and specific subvalvular approaches might be proposed if the ERO is >20 mm 2 and/or if a >13 mm 2 increase in ERO develops with exercise, but this strategy needs to be tested prospectively.
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